We tested the hypothesis that an open lung strategy with recruitment maneuvers will improve oxygenation and decrease lung injury in comparison with a permissive hypercapnia strategy in preterm lambs. Preterm lambs born by operative delivery at 131 AE 1 days of gestational age (term ¼ 150 days) were randomized to an open lung group (OLG, n ¼ 5) or a permissive hypercapnia group (PHG, n ¼ 4). In the OLG, ramp recruitment maneuvers were performed by increasing and then decreasing peak inspiratory pressure and positive end-expiratory pressure (adjusting for expiratory tidal volume [V T ] 6 to 8 mL/kg). In the PHG, lambs received ventilation with V T of 6 to 8 mL/kg, adapting pressures and respiratory rate according to arterial blood gases results. Fraction of inspired oxygen was adjusted for oxygen saturation 88 to 93%. Lambs were ventilated for 6 hours. Lung pathology was assessed by masked examiners. There were no significant differences for arterial to alveolar oxygen tension ratio, partial pressure of arterial carbon dioxide, blood pressure, compliance, resistance, and other variables between groups. Gas leaks were noted in four of five lambs in the OLG and one of four in the PHG (relative risk 3.2; 95% confidence interval 0.5 to 18). By histological examination, lung areas were overdistended (49% in the OLG, 37% in the PHG). Open lung ventilation following ramp recruitment maneuvers did not offer advantages and might increase lung injury compared with a permissive hypercapnia strategy in preterm lambs with lung immaturity.
Respiratory insufficiency is frequent in preterm newborn infants and frequently requires assisted ventilation. Repeating opening and closing pulmonary cycles in an immature and developing lung contribute to acute and chronic lung injury. 1 There is a need to evaluate appropriate ventilator strategies (more effective and less injurious) started during the first minutes after birth as this is a very vulnerable time in preterm infants. 2, 3 Lung injury initiated in this period of life may increase longterm respiratory morbidity. Manual ventilations with high tidal volumes immediately after birth produce lung injury and decrease the response to exogenous surfactant in preterm lambs. 4, 5 On the other hand, a suboptimal level of positive end-expiratory pressure (PEEP) contributes to repeated collapse of the lungs (atelectrauma).
Although this is well recognized, there are no guidelines to optimize PEEP in clinical practice. 8 ''Permissive hypercapnia'' is a ventilatory strategy in which relatively high levels of partial pressure of arterial carbon dioxide (PaCO 2 ) are accepted to avoid high tidal volumes, lung overdistension, and hypocapnia. In this ventilatory modality, priority is given to the prevention or limitation of overventilation over maintenance of ''normal'' arterial blood gases. Although clinical trials have shown promising results, the effect on chronic lung injury has been limited, 9 ,10 perhaps because of the multifactorial origin of bronchopulmonary dysplasia. However, permissive hypercapnia may also have limitations for the decrease of lung injury. Low tidal volume ventilation has at least two limitations: (1) the lungs have a natural tendency to collapse and derecruitment occurs during ventilation with low expiratory tidal volume (V T ) 11 ; (2) recruitment occurs during whole lung inflation, so incomplete lung opening is frequent during conventional mechanical ventilation. 12 In adult and newborn animal models, lung recruitment strategies have shown promising results. [13] [14] [15] Recruitment strategies aimed to diminish lung injury have been used in preterm and term neonates 16, 17 often with high-frequency oscillatory ventilation. However, there are concerns about the safety of recruitment maneuvers in preterm neonates because of the cardiovascular effects on pulmonary circulation 18, 19 and the potential risks of overdistension, which could increase lung injury.
We performed experiments in preterm lambs to test the hypothesis that conventional mechanical ventilation with an ''open lung'' strategy improves gas exchange and decreases lung injury in comparison with a ''permissive hypercapnia'' strategy.
METHODS
We performed a randomized, experimental study (preterm respiratory distress syndrome [RDS] animal model) of preterm lambs, gestational age 129 to 134 days. Our main objective was to assess whether mechanical ventilation of preterm lambs using lung recruitment maneuvers to define opening and closing pressures (open lung) decreases the risk of ventilatorinduced lung injury when compared with a permissive hypercapnia or low tidal volume strategy. Our secondary objective was to assess the effects of these two strategies on gas exchange and lung mechanics.
Animal Route
Young ewes were cared for, fed, and periodically examined in the School of Veterinary Medicine, University of Buenos Aires. To accurately know the gestational age, pregnancy was achieved by artificial insemination. A programmed operative delivery was performed at 129 to 134 days of gestation (term ¼ 150 days). Ewes were sacrificed once the operative delivery was finished. At the end of the study, ventilation with 100% O 2 for 3 minutes, deep sedation with pentobarbital (20 mg/k), and clamping of the endotracheal tube for 3 minutes to create collapse by oxygen reabsorption, followed by a lethal dose of pentobarbital (100 mg/k). The chest was opened; a pressure-volume curve was measured (successive inflations of 10 mL air to a pressure of 40 cm H 2 O, followed by deflations of 10 mL air). The right upper lobe was excised for pathology.
Interventions in Each Lamb

Strategy in Permissive Hypercapnia Group
In the permissive hypercapnia group, ventilation was performed with V T of 6 to 8 mL/kg and initial PEEP of 5 to 6 cm H 2 O, adapting pressures according to ABG results, and FIO 2 according to SpO 2 . PaCO 2 targets were 50 to 70 mm Hg, keeping the pH above 7.20.
Strategy in Open Lung Group
In the open lung group, recruitment maneuvers included the following (Fig. 1 Variables studied included FIO 2 during the initial ventilation and then every 60 minutes; oxygenation (arterial to alveolar oxygen tension ratio [a/APO 2 ]) at baseline and then every 60 minutes; arterial blood gases at baseline and then every 60 minutes; dynamic compliance at baseline and then every 60 minutes; lung pathology (percent collapsed, expanded, and overexpanded lungs, and tissue infiltration of neutrophils).
Histopathology
The right lung was submerged and softly filled with 10% formalin through the main right bronchi. Two sections of the right upper lobe were embedded in paraffin and Figure 1 Graphic representation of the opening procedure (recruitment maneuver) for collapsed lungs. , arterial to alveolar oxygen tension ratio; CVP, central venous pressure; GA, gestational age; HR, heart rate; MBP, mean blood pressure; Paw, mean airway pressure; PaCO 2 , partial pressure of arterial carbon dioxide; PEEP, positive end-expiratory pressure; PIP, peak inspiratory pressure; V T , expiratory tidal volume.
stained with hematoxylin and eosin. Digital images were obtained from three nonoverlapping areas for each sample (six per lung), which were then measured with an Image-Pro Plus analyzer (Media Cybernetics, Inc., Bethesda, MD). The surface area corresponding to alveolar spaces present in each section was first calculated (percentage of air) and the mean for each lung was recorded. Lung parenchyma was classified in three categories: (1) collapsed alveoli, (2) within normal limits alveoli, and (3) overdistended alveoli.
Statistical Analyses
For this exploratory study, we did not calculate a sample size. The number of lambs is similar to other studies. 8, 18 As the sample size was small, results were analyzed by the Mann-Whitney test. A p value of less than 0.05 was considered to be statistically significant.
Ethical Aspects
The protocol was approved by the hospital Committee of Ethics in Research Protocols. Animal care was in accordance with institution guidelines.
RESULTS
Nine preterm lambs were randomized, five to the open lung group and four to the permissive hypercapnia group. Demographic characteristics are shown in Table 1 . All lambs were intubated immediately after birth and placed on the ventilator. Initial blood gases were comparable between groups. Ventilation settings were adjusted to provide tidal volumes of 6 to 8 mL/kg. The initial mean airway pressure was higher for the open lung group. All animals survived the study period. Table 2 . In all lambs, the recruitment successfully achieved an adequate SpO 2 with mean FIO 2 of 0.24 and without hemodynamic compromise (Table 2) . Recruitment maneuvers were repeated after episodes of desaturation between one and three times per lamb during the 6 hours of the experiment.
Maintenance Ventilation to 6 Hours after Birth
The ventilator pressures required to maintain V T of 6 to 8 mL/kg were comparable between groups. No significant differences in a/APO 2 , PaCO 2 , BP, compliance, resistance, and other variables were found throughout the study between groups (Table 3 , Fig. 2) . Therefore, the use of recruitment maneuvers had no consistent effect on lung physiology over 6 hours. Because of the high percentage of lambs with gas leaks (see below), pressure-volume curves could not be measured in most of the lambs. In those in which we could do the curves (n ¼ 5), mean lung volume measured at 40 cm H 2 O was 68 mL/kg ( AE 19).
Gross Indicators of Injury
Gas leaks (lung bulla, pneumothorax, or pneumopericardium) were noted in four of five lambs in the open lung group versus one of four in the permissive hypercapnia group (relative risk 3.2; 95% confidence interval 0.5 to 18). Typical examples can be seen in Fig. 3 .
Histology for Lung Injury
Lung tissue from the right upper lobe showed minimal inflammation, some atelectasis, and overdistended regions without bleeding. There were no differences in histology between groups. The open lung group had 49% of lung area overdistended versus 37% in the permissive hypercapnia group (not significant).
DISCUSSION
Lung recruitment maneuvers are being proposed as a strategy for ventilation and oxygenation optimization in different groups of patients. We found that recruitment maneuvers offered no advantages in preterm lambs in comparison with a permissive hypercapnia strategy. Lung recruitment maneuvers were also associated with high risk of gas leaks.
Some studies have shown beneficial effects of ramp recruitment maneuvers in porcine models, but usually these experiments have been conducted in term piglets with normal lungs in whom surfactant deficiency was caused by brochoalveolar lavages with saline solution. 14, 15 The difference in pathophysiology of respiratory insufficiency in preterm animals may be important when the results are extrapolated to human preterm infants. The junction between respiratory bronchioles and alveolar ducts is particularly sensitive to pressure injury in premature lungs with RDS, which can lead to gas leaks. As we increased pressures, we maintained a relatively constant V T , so differences in the results could not be attributed to this variable. Although 6 to 8 mL/kg may appear to be high, that is the normal tidal volume range in spontaneously breathing lambs. By design, in this experiment we used the same V T for the two groups. Both ventilation strategies have been suggested as being ''lung protective.'' However, as a result of following this protocol for lung recruitment, the pressures needed to open the lambs' lungs were high. It appears that the recruitment maneuvers used were too aggressive. The lower compliance in the open lung group (Fig. 2C) probably indicates that these lambs had overdistension. Median PEEP at the end of recruitment maneuvers was 12 cm H 2 O (Table 2 ). In a study on preterm lambs receiving different levels of PEEP at resuscitation, 100% of those managed with a PEEP of 12 cm H 2 O died from pneumothoraces. 21 Reviewing lung recruitment in pediatric patients, Halbertsma and van der Hoeven concluded that although recruitment maneuvers can improve oxygenation, they can potentially increase lung injury. 22 Recent studies have evaluated the effect of recruitment maneuvers on pulmonary circulation and ductal physiology in preterm lambs. Polglase et al showed that pulmonary blood flow decreased when using recruitment maneuvers with high-frequency ventilation (HFV). 18 Recruitment maneuvers to optimize oxygenation also were tested in preterm human infants by De Jaegere et al. 16 In our study, the mean airway pressure at lung opening was 22 cm H 2 O, similar to that reported in preterm infants with RDS treated with HFV in De Jaegere study. The level of MAP may not be a risk by itself, but the way the level is reached may contribute to lung injury (larger pressure variations around the mean AMERICAN JOURNAL OF PERINATOLOGY during conventional ventilation). Based on comparisons between surfactant-deficient rabbits ventilated with either conventional mechanical ventilation or HFV, the degree of epithelial damage appears to be related to magnitude of pressure swings rather than mean pressure within the airways. 23 We evaluated recruitment maneuvers with conventional ventilation as this is the more prevalent ventilation modality used to assist preterm infants after birth. Various techniques to recruit the lung have been used for the open lung concept, with the goal of minimizing cycles of alveolar collapse and reopening. 20 We chose the ramp strategy over others, such as a very high level of mean airway pressure held for several seconds. 13, 15 Although the concept behind recruitment maneuvers is to place the ventilator cycle over the deflation limb of the lung pressure-volume curve, it is possible that this lungopening strategies could be injurious for preterm newborn lungs under conventional ventilation with high PIP and high PEEP, as opposed to the relatively stable pressures when using HFV. Further experiments are needed to investigate the effects of recruitment maneuver performed through different ventilator modes.
This study has limitations. The sample size was small, and our findings might have been statistically not significant due to a type II error. The open lung group had a higher MAP initially, although the a/APO 2 ratio and the oxygenation index were not different. The initial higher MAP might have contributed to the worse outcome in terms of gas leaks. Lung histology did not show much inflammation. Only two lambs (one from each group) had a mild polymorphonuclear infiltration. Although some studies have shown less inflammatory mediators with recruitment maneuver, Herrera et al found a higher polymorphonuclear infiltration in rats that were randomized to recruitment maneuver before surfactant administration. 24 Surfactant was not used in our study because we wanted to assess the independent effect of a respiratory volume maneuver. Previous studies in surfactant-depleted newborn animals have shown improvements in gas exchange and a reduction in ventilatorinduced lung injury when using recruitment maneuvers, even without giving exogenous surfactant. 14, 25 Furthermore, some animal and human reports have suggested performing a recruitment maneuver before surfactant administration. 16, 26 However, it seems reasonable to have concerns about performing a recruitment maneuver with conventional ventilation without giving surfactant in this vulnerable population. Recruitment maneuvers and surfactant are not competing strategies but potentially synergistic, and the combination of surfactant and a recruitment maneuver may decrease the risk of gas leaks. 25 
CONCLUSION
Open lung ventilation with a recruitment maneuver did not offer advantages and might increase lung injury compared with a conventional lung protective strategy in this animal model of RDS. Until more studies are performed, clinicians should be cautious with the use of this type of recruitment maneuver in preterm infants.
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